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T ≈ 10 K
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fH2,cr = 3 · 10
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T < 2100 K
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• nc ≈ 10
11 cm−3
ﬂ
Tc ≈ 900 K


































• nc ≈ 10
13 cm−3
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• nc ≈ 10
22 cm−3
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During the last stages of the self-similar collapse (stages 5 and 6;
evolution from point A to point B in Fig. 2), when the centre of the
cloud is essentially adiabatic, H2 dissociation acts as a
‘thermostate’, preventing a faster increase in temperature and
pressure, which would halt the collapse. In fact, dissociation
absorbs *50 per cent of the heat generated by gas compression,
which (owing to the opaqueness of the centre of the cloud) could
not have been dissipated otherwise. When nearly all H2 molecules
are dissociated, the thermostatic effect is no longer effective, and
the central temperature and pressure rise rapidly, stopping the
collapse of the central regions. At the end of H2 dissociation
ðTc , 20 000KÞ the chemical energy and the thermal energy per
H0 atom are similar (.2.2 and 2.6 eV, respectively). This fact
reflects the virial theorem: half of the cloud gravitational energy is
converted into thermal energy after compression, while the rest is
tapped as chemical energy through dissociation.
Outside the core, the gas is still collapsing with a velocity close
to that of free-fall. This results in a shock front forming at the edge
of the core, where the infalling material is suddenly halted (see
Fig. 1b). Unfortunately, the numerical method (i.e. the introduction
of an artificial viscosity) used for the treatment of hydrodynamical
effects is inaccurate when dealing with strong shocks, since they
are spread over several shells. However, though the treatment of the
shock physics is only approximate, the general picture of the cloud
evolution is essentially correct. In run P100/2 we also improve the
situation by refining the shells in the region where the shock forms.
The core evolution is driven by two main processes. First, as can
be seen in Fig. 1(b), the core mass (defined as the mass inside the




owing to the accretion of infalling material. Secondly, even if the
Figure 1. Spatial structure of the cloud in run P100/2 at 10 different stages of collapse (see Table 2). Panels refer to (a) density, (b) infall velocity, (c)
temperature and (d) to the fraction of H nuclei inside H2 molecules. On the abscissa we use the mass enclosed within radius r (Mr). Shell edges are denoted by
small tags on to the curve referring to the initial configuration; in panel (d) we omit stages 6 and 8 for clarity. The small oscillations in the temperature profile of
stage 9 around Mr . 22 are a result of numerical effects.
Table 2. Collapse stages (run P100).
Stage Tc Dt ðtf 2 tiÞ Notes
(K) (yr) (yr)
0 270 – 740 000 Initial conditions
1 450 720 000 20 000 Start rad. trans.
2 650 19 000 930
3 1500 920 9.6
4 3000 9.2 0.40 H2 is dissociating
5 6500 0.060 0.34
6 15 000 0.005 0.34 Core is forming
7 30 000 0.002 0.34 Core has formed
8 65 000 0.011 0.33
9 100 000 0.33 – Final stage
404 E. Ripamonti et al.
q 2002 RAS, MNRAS 334, 401–418
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102, . . . , 1017 s
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µ = cos θ
D	_BP8hR%- 





     
                
	  
     
E















































 	$QvZ9[} +- Ro	9%-$ R






























































































































































































       
QE$<WXE-;?;0$ =L#[QE-}<<9d$6zBD6- ﬂy.%-%f	
























ﬀ35E8" 	 ) _!
o>













9@$ d$ RE- +\!l,sX6#-;<ﬀﬁ
6&%0]ﬁ;?
8
















1000 ≤ T [K] ≤ 7000



















































60 ≤ T [K] ≤ 40 · 103
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60 ≤ T [K] ≤ 40 · 103
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κice = 2 · 10
−4 · T 2 κmol = 10−8 · ρ2/3 · T 3
κice,ev = 10
16 · T−7 κH− = 10−36 · ρ1/3 · T 10
κdust,abs = 0.1 · T
0.5 κatom = 1.5 · 10
20 · ρ · T−5/2
κdust,ev = 2 · 10
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125 ≤ T [K] ≤ 1,15 · 106





































































































































































































































































































     
                
	  














































































































































 FO %&$ 	#K R%  %)! 	#+ﬁ
Z/
























































































































     
         



























































 +$9%-$  DcW D-]^;?#/$nwRﬀﬁ





TCMB =2,728 ± 0,002K
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ν + ν¯ ↔ e+ + e− ↔ γ +γ
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p + e−  n + νe
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D, 3He : 8− 10 %
Yp : 0,2 − 0,5 %
Li : 12 − 21 %.
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λ = 6707,761  
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= (11,2 ± 3,8) · 10−11.
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Yp = 0,2479 ± 0,0004
D/H = 2,60+0,19−0,17 · 10
−5
3He/H = 1,04 ± 0,04 · 10−5
Li/H = 4,15+0,49−0.45 · 10
−10
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w x sTZ6X  A− + γ → A + e−
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Tr ∼ (1 + z)
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He+2 + γ → He
+ + He
He+2 + e

























He + H+ → HeH+ + γ
He+ + H → HeH+ + γ























HeH+ + γ → He + H+
HeH+ + e− → He + H






































































































































































H + H → H + H+ + e−
H+ + H → H+2 + γ
He + H+ → HeH+ + γ
HeH+ + H → H+2 + He
 R2z{ﬀﬁ%- +~wRﬀﬁ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H + e− → H− + γ













Ediss = 0,75 eV
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H+ + D → D+ + H
D+ + H2 → HD + H
+
D + H2 → HD + H.
+
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n & 108 cm−3
-
H + H + H  H2 + H
H + H + H2  H2 + H2





− → H + H−
H2 + e
− → H+2 + e
− + e−
H2 + γ → H + H















H+2 + H2 → H
+
3 + H
HD+ + H2 → H2D
+ + H









− → H2 + H
H+3 + e
− → H + H + H
H2D
+ + e− → H2 + D
H2D
+ + e− → HD + H
H2D
+ + e− → H + H + D.
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Li+ + H− → Li + H
Li+ + H → LiH+ + γ
LiH+ + e− → Li + H











Li + γ → Li+ + e−
Li + H+ → Li+ + H
Li + H+2 → Li
+ + H2
Li + H+ → Li+ + H + γ














LiH+ + γ → Li+ + H
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Li + e− → Li− + γ
Li− + γ → Li + e−








Li + H → LiH + γ












LiH + γ → Li + H
LiH + H+ → LiH+ + H
LiH + H → LiH + H2



















































fH2 = 5 · 10
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H− 1 · 10−15
H2 5 · 10
−4 ﬂ 1 · 10−10
H+2 1 · 10
−15
H+3 1 · 10
−15
e− 1 · 10−10
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(EvJ −Ev′J ′)nvJA(vJ → v
















A(vJ → v′J ′)
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n(H) = 102 cm−3
X 8














































J = 0 → 2 = 510K
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+ ↔ Hpara2 + H


















     
    













































































































































































































































            
  



















;d} '+- r +
ﬀ 'ﬂ/9hRﬀﬁ;?;<.hR7uLﬀﬁﬀﬁ5(







































































































































































































(Ai,op + Bi,opJop(Trad) + Ci,op(T ))
+ﬁﬀ
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vektorielle Größen (r, u, ...)


















































































































































∆xl := xl − xl−1
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µQ = −q1lvisccs + (q2lvisc)
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||w˙||2 = w˙T w˙
!
= min






{y˙T y˙ + αr˙2} = min
r˙
{(yt + yrr˙)
T (yt + yrr˙) + αr˙
2}.
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B · (y˙l − (∆ryl)r˙) =fl
 )!#'*) 






























wl := (yl, rl)
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l ul − r
2
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and we take H0 67 km s
21Mpc21. In equation (1), Nn
(cm23 s21) is the rate of creation of neutral particles per unit
volume, at kinetic temperature Tn, in chemical reactions,
considered below; nn (cm
23) is the number density of the






where the summation extends over the rovibrational levels vJ
of H2, of energy EvJ relative to the v 0 J ground state, and
nvJ is the population density of the level; Bn is the rate of
energy gain by the neutrals per unit volume. This term (Bn)
comprises chemical heating, considered by Puy et al. (1993),
owing to exothermic reactions which yield neutral products; it
also includes the exchange of energy, owing to elastic
scattering, between the neutrals and both the ions and the
electrons (see Flower, Pineau des ForeÃts & Hartquist 1985).
The rate of variation of the internal energy of the neutral fluid per










where the equations for the temporal variation of the H2
population densities, dnvJ/dt, were solved in parallel, allowing
for radiative (spontaneous and induced) and collisional population
transfer (Le Bourlot et al. 1999), as well as the expansion of the
Universe (cf. equation 6 below). In particular, transfers of
population, resulting from collisions with protons, for rotational
levels J# 9 in the v 0 vibrational ground state were included;
the rate coefficients were taken from Gerlich (1990). Spontaneous
radiative transitions between ortho and para levels in the
v 0 state were also included. Although the corresponding
transition probabilities are very small, they increase rapidly
with J (A / J5 for large J: Raich & Good 1964). We made
the simplifying assumption that, when H2 molecules form or
are destroyed in chemical reactions, the population of any
given state (v, J) changes in proportion to the fractional
population of that level, nvJ/n(H2). Subsequent to freeze-out
of the fractional abundance of H2 (z, 100), the results are
independent of this assumption.
The analogous equations for the kinetic temperatures, Ti and Te,






































where n denotes a number density, N a rate of creation per unit
volume, and B is the rate of energy gain per unit volume, which
includes the energy exchange through elastic collisions with





k(T r 2 Te)ne;
arising from Thomson scattering of the photons of the
blackbody radiation field on the electrons. Finally, the varia-















where the first term on the right-hand side (energy loss resulting
from Thomson scattering) can, in practice, be neglected.















where N(X) is the rate of creation of species X, of density n(X), per
unit volume. We used the `reduced' chemical reaction network of
Galli & Palla (1998), subject to minor changes. The complete set
of coupled differential equations was then solved by means of the
Gear algorithm (Hindmarsh 1974).
3 RESULTS AND DISCUSS ION
We have integrated the above equations, starting at z 5000, for
which the corresponding time is t 8.68 1011 s (2.75 104 yr).
Assuming the Hubble constant H0 67 km s
21Mpc21, the present
age of the Universe is 9.7 109 yr. The present blackbody
radiation temperature was taken to be Tr 2.73K and the proton
density nH n(H
1)1 n(H)1 2n(H2) 1.5 10
27 cm23, corre-
sponding to a baryonic density Vb 0.0367 of the critical density
(cf. Galli & Palla 1998). We have also considered a larger value of
Vb 0.1. The fractional number density of helium nuclei was
nHe/nH 0.08, and the fractional number density of deuterium
nD/nH 4 10
25 (Vidal-Madjar 1983). The initial value of the
ortho:para-H2 ratio was 3.
In Fig. 1 are plotted the variations with z of the temperatures of
Figure 1. The variations of the blackbody radiation temperature (solid
curve) and of the temperatures of the neutrals, ions, and electrons
(superposed: broken curve) with redshift, z.
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rN = Rtot = const
uN = 0 = const
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r1 = 10
−3Rtot
rl = rl−1 · 10log(Rtot/r1)/(N−1) l = 2, . . . ,N − 1.
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H + e− → H+ + e− + e−
¸¹£Å
H+ + e− → H + γ
¸¹£Å
H + e− → H− + γ
¢3
H− + H → H2 + e−
¸¹£Å
H− + H+ → H + H
¸¹£Å
H2 + e
− → H + H−
¸¹£Å
H2 + H → H + H + H
¢£.
H2 + H
+ → H+2 + H
¸¹£Å
H2 + e
− → H + H + e−
¸¹£Å
H− + e− → H + e− + e−
¸¹£Å
H− + H → H + H + e−
¸¹£Å
H− + H+ → H+2 + e
− ¢3
H + H + H → H2 + H
¢.
H + H + H2 → H2 + H2
¢.
H2 + H2 → H2 + H + H
¢.
H + H → H+ + e− + H
¢.
H + H− → H2 + e−
YÅc
H+ + H− → H + H
YÅc
H− + γ → H + e−
ÅsY
H+2 + e
− → H + H
YÅc
H+2 + H
− → H2 + H
YÅc





− → H2 + H
YÅc
H+3 + e
− → H + H + H
YÅc
H + γ → H+ + e−
ÅsY
H+2 + H
− → H+3 + e
− ÅsY
H+ + H− → H+2 + e
− YÅc
H+2 + H
− → H + H + H
YÅc
H2 + H
+ → H+3 + γ
YÅc





− → H2 + H + H
YÅc
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H + H → H + H+ + e−
H+ + H → H+2 + γ
H+2 + H → H2 + H
+.
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H + e− → H− + γ
H− + H → H2 + e−.
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H + H + H  H2 + H
H + H + H2  H2 + H2
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10−16 ≤ ρ [g cm−3] ≤ 10−2
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Iν(r, µ, t) →
{
I+ν (r,p,t) µ ≥ 0
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